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ORIGINAL ARTICLE
A directional remote-microphone for bimodal cochlear implant recipients
Jantien L. Vroegop, Nienke C. Homans, Andre Goedegebure and Marc P. van der Schroeff
ENT-Department, Erasmus Medical Center, Rotterdam, The Netherlands
ABSTRACT
To evaluate whether speech recognition in noise differs according to whether a wireless remote micro-
phone is connected to just the cochlear implant (CI) or to both the CI and to the hearing aid (HA) in
bimodal CI users. The second aim was to evaluate the additional benefit of the directional microphone
mode compared with the omnidirectional microphone mode of the wireless microphone. This prospective
study measured Speech Recognition Thresholds (SRT) in babble noise in a ‘within-subjects repeated meas-
ures design’ for different listening conditions. Eighteen postlingually deafened adult bimodal CI users. No
difference in speech recognition in noise in the bimodal listening condition was found between the wire-
less microphone connected to the CI only and to both the CI and the HA. An improvement of 4.1 dB was
found for switching from the omnidirectional microphone mode to the directional mode in the CI only
condition. The use of a wireless microphone improved speech recognition in noise for bimodal CI users.
The use of the directional microphone mode led to a substantial additional improvement of speech per-
ception in noise for situations with one target signal.
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Introduction
One of the main challenges for patients with cochlear implants
(CI) is speech comprehension in acoustically complex real-life
environments due to reverberation and disturbing background
noises (Lenarz et al. 2012; Srinivasan et al. 2013). Data logs of CI
processors of 1000 adult CI users showed that many CI users spent
large parts of their day in noisy environments, on average more
than four hours a day (Busch, Vanpoucke, and Van Wieringen
2017). Although speech perception in quiet is generally good, the
remaining impairment in difficult listening situations can limit
quality of life, professional development and social participation
(Gygi and Ann Hall 2016; Ng and Loke 2015).
The introduction of directional microphones for CIs has pro-
vided a significant improvement in hearing in noise abilities
(Hersbach et al. 2012; Spriet et al. 2007); however, their use is
often limited as they require near field situations where the
sound source is located close by, directed toward the front while
the background noise is behind the listener.
Another way to improve hearing in demanding listening situa-
tions is the use of a wireless remote microphone system. Typically
these systems consist of a microphone placed near the speaker’s
mouth, which picks up the speech, converts it to an electrical wave-
form and transmits the signal directly to a receiver worn by the lis-
tener. By acquiring the signal at or near the source, the signal-to-
noise ratio (SNR) at the listener’s ear is improved and consequently
the negative effects of ambient noise, as well as those of distance and
reverberation, are reduced. Previous research has shown consider-
able improvement in unilateral CI users’ speech recognition in noise
(De Ceulaer et al. 2016; Razza et al. 2017; Schafer and Thibodeau
2004; Schafer et al. 2009; Vroegop et al. 2017; Wolfe et al. 2015a;
Wolfe, Morais, and Schafer 2015b). A directional mode of
the wireless microphone would possibly improve speech recognition
even more, but specific, comparative data is lacking. The previously
mentioned studies used either an omnidirectional mode of the wire-
less microphone (Razza et al. 2017; Vroegop et al. 2017; Wolfe,
Morais, and Schafer 2015b), an adaptive mode changing between
omnidirectional and directional depending on the amount of the
background noise (De Ceulaer et al. 2016), or a directional mode
(Schafer et al. 2009).
Due to expanding CI selection criteria (Dowell, Galvin, and
Cowan 2016; Leigh et al. 2016) the use of a cochlear implant in
one ear and a hearing aid (HA) in the contralateral ear, which is
referred to as bimodal hearing, has become standard care.
Bimodal hearing has been shown to improve speech recognition
in noise compared with unilateral CI use alone (Blamey et al.
2015; Dorman et al. 2015; Ching, Van Wanrooy, and Dillon
2007; Illg et al. 2014; Morera et al. 2012). Only one study
(Vroegop et al. 2017) described the combined effect of a wireless
microphone and bimodal hearing. Their results showed that the
use of the wireless microphone in the bimodal situation, con-
nected to both the CI and the HA, provided additional benefit
compared with the use of the wireless microphone with the CI
alone. However, the study failed to differentiate the benefit
found between the result of wireless microphone use or just the
addition of the HA. Therefore, in our current study we
investigate whether speech recognition in noise differs according
to whether the wireless microphone is connected to just the CI
or to both the CI and HA. The second aim in our study was to
evaluate the effect of a directional microphone mode of the
wireless microphone.
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Methods
Participants
A total of 18 postlingually deafened adults participated in this
study, see Table 1 for participant demographics. Participants
ranged in age from 32 to 81 years old (group mean age¼ 62; SD
¼15 years). All were experienced bimodal users, unilaterally
implanted with AB HiRes 90K implant by surgeons of five differ-
ent cochlear implant teams in the Netherlands and Belgium. All
participants had used their cochlear implant for at least 6
months prior to this study (average¼ 4 years, SD¼ 3.6 years). All
participants used either the AB Naida Q70 or AB Naida Q90
sound processor. In the study all participants were provided with
a new AB Naida Q90 sound processor. In addition, all had
open-set speech recognition of at least 70% correct phonemes
at 65 dB SPL on the clinically used Dutch consonant-
vowel-consonant word lists (Bosman and Smoorenburg 1995)
with the cochlear implant alone. Only participants with unaided
hearing thresholds in the non-implanted ear of 80 dB HL or bet-
ter at 250Hz were included. Figure 1 shows the unaided audio-
grams of the non-implanted ear of the individual participants.
All participants used a hearing aid prior to the study, which was
replaced by a new Phonak Naida Link UP HA for the tests in
the study. For the test conditions with the wireless microphone,
the Phonak Roger Pen was used. Integrated Roger 10 and Roger
17 receivers were used for connection with the HA and CI
respectively. All participants were native Dutch speakers. All par-
ticipants signed an informed consent letter before participating
in the study. Approval of the Ethics Committee of the Erasmus
Medical Centre was obtained (protocol number METC306849).
HA, CI and wireless microphone settings
The HA was fitted with the Phonak bimodal fitting formula, a
special prescriptive fitting formula for bimodal hearing which
was developed for the Phonak Naida Link hearing aid. This for-
mula differs from more standard fitting formulas in three
respects: the frequency response, the loudness growth and the
dynamic compression. Firstly, this formula focuses on the fre-
quency response by optimising low-frequency gain and optimis-
ing frequency bandwidth. Low-frequency gain optimisation uses
the model of effective audibility to ensure audibility of speech
recognition in quiet environments (Ching et al. 2001). Frequency
bandwidth is optimised by assuring that bandwidth is as wide as
possible, based on a study of Neuman and Svirsky (2013). In
that study the effect of frequency bandwidth on bimodal audi-
tory performance was investigated. They found that smaller fre-
quency bandwidths of the HA resulted in a worse performance
of subjects in the bimodal condition compared with a wider fre-
quency bandwidth of the HA. Besides, the fitting formula
ensures frequencies between 250 and 750Hz are audible
(Sheffield and Gifford 2014), and that amplification does not
extend into presumed dead regions (Zhang et al. 2014). To
obtain the latter, a reduced frequency bandwidth of the gain is
applied if the slope of the hearing loss is more than 35 dB per
octave and the high frequency hearing loss exceeds 85 dB HL or
if the hearing loss is more than 110 dB HL. Secondly, the input-
output function of the CI is implemented in the hearing aid
(compression kneepoint¼ 63 dB SPL, compression ratio¼ 12:1)
with the aim of improving loudness balance between HA and
CI. Thirdly, the dynamic compression behaviour is aligned by
integrating the Naıda CI dual-loop AGC into the hearing aid
(Veugen et al. 2016). No fine tuning of the HA or volume
adjustments was performed.
For the test session the participant’s current ‘daily’ CI pro-
gramme was used. The Phonak Roger Pen is part of the Phonak
Roger system. It uses digital signal transmission and digital signal
processing to feature an adaptive gain adjustment. For the condi-
tion with the Roger Pen the CI programme was modified by
changing the signal input from 100% microphone input to a
70:30 mix of the Roger 17 aux input and the participant’s micro-
phone respectively. Wolfe and Schafer (2008) advised a mixing
ratio of 50:50 mainly based on soft speech in quiet surroundings.
In the study of De Ceulaer et al. (2016) also a mixing ratio of
50:50 was used. However, they did not find benefit of using one
Roger Pen in a diffuse noise field. In our study we investigated
the effect of the Roger Pen for different listening conditions in
background noises. We wanted a condition for the Roger Pen in
which the effect of the Roger Pen was expected to be found,
otherwise we would not be able to distinguish between listening
conditions. A 100% Roger condition would presumably result in
the largest effect; however, CI users generally do not prefer this
in daily life, because they are disconnected from the surrounding
Table 1. Participant demographics, including details of hearing losses and HA
and CI experience.
Participant Age Gender Aetiology
HA experience
non-implanted
ear (years)
CI
experience
(years)
1 59 M Unknown 21 5
2 34 F Familiar 9 4
3 71 M Familiar 17 1
4 62 F DFNA9 26 4
5 64 F Unknown 20 2
6 69 M Unknown 13 2
7 72 F Unknown 38 12
8 79 M Unknown 25 1
9 80 F Meniere 23 2
10 48 M Familiar 20 0.5
11 76 F Unknown 16 1
12 48 M Unknown 18 1
13 74 M Meniere 25 9
14 49 M Unknown 27 11
15 68 F Familiar 28 0.5
16 32 M Unknown 31 4
17 57 M Unknown 2 1
18 81 M Unknown 20 2
Figure 1. The hearing thresholds of the individual participants for the ear with
the hearing aid. The dashed line displays the mean hearing loss averaged over
all participants.
2 J. L. VROEGOP ET AL.
sounds. Therefore, we choose to use the 70:30 condition, in
which 70% of the signal comes from the Roger Pen and 30%
comes from the participant’s CI processor microphone.
Noise reduction algorithms on the cochlear implant
(Clearvoice, Windblock, Soundrelax) and HA (Noiseblock,
Soundrelax, Windblock) were turned off during the test sessions.
In the listening conditions omnidirectional microphone modes
of both the CI and the HA were used.
Study design
This prospective study used a ‘within-subjects repeated measures’
design. The study consisted of one visit in which speech-in-noise
tests were performed for six different listening conditions: (1) CI
and HA, (2) CI and HA, Roger Pen paired to CI (3) CI and HA,
Roger Pen paired to both, (4) CI only, (5) CI and Roger
Pen Omni Directional, (6) CI and Roger Pen Directional
(see Table 2). The order of the six conditions was randomised to
prevent any order effects.
Test environment and materials
Dutch speech material, single talker, female voice, developed at
the VU Medical Centre (Versfeld et al. 2000) was used for test-
ing speech recognition in noise. From this speech material, unre-
lated sentences were selected. A list of 20 sentences was
presented at a fixed level of 70 dB SPL for each test condition.
This level is representative for a raised voice (Pearsons, Bennet,
and Fidell 1977) in background noise. The first list of sentences
was used for exercise and adaptation to the test. The sentences
were presented in a reception babble noise with an average spec-
trum similar to the international long-term average speech
spectrum (ILTASS). We scored the correct words per sentence.
An adaptive procedure was used to find the signal-to-noise
ratio targeting a score of 50% correct words (Speech Recognition
Threshold [SRT]). For each condition and for each
participant a list with 20 sentences was randomly selected from a
total of 25 lists without replacement. The adaptive
procedure used was a stochastic approximation method with step
size 4  (Pc(n 1) target_Pc) (Robbins and Monro 1951), with
Pc(n 1) being the percent correct score of the previous trial.
An extensive description of the speech recognition in noise test
is given in (Dingemanse and Goedegebure 2015).
Sentences were presented from a loudspeaker that was located
at 1m at 0 azimuth. Four uncorrelated reception babble noises
were presented with four loudspeakers located at 45, 45,
135 and 135 azimuth, placed at 1m from the listener as well.
The rationale for this loudspeaker set-up was to simulate a dif-
fuse, uncorrelated noise that exists in typical noisy daily life sit-
uations. During testing, the Roger Pen was positioned in
horizontal direction (in omnidirectional mode) at 30 cm from
the centre of the cone of the loudspeaker used to present the
sentences. Because of the radiation pattern of the loudspeaker in
the vertical plane we decided to place the Roger Pen no closer
than 30 cm to the loudspeaker. At this distance from the loud-
speaker the sound level was 77.5 dBSPL, meaning a better SNR
of 7.5 dB compared with the place of the participant. Figure 2
displays a schematic of the test environment.
All testing was performed in a sound-attenuated booth. For
the speech in noise tests, research equipment was used consisting
of a Roland UA-1010 soundcard and a fanless Amplicon pc.
Statistical analysis
A Power Analysis was computed using the GPower software,
with a required power of 0.8 and an alpha-error level of 0.05.
For speech perception we choose a difference of 15% as rele-
vant, which is the least possible difference which is measurable
with this test in one person. With a slope of the psychometric
function of 6.4%/dB on average (Dingemanse and Goedegebure
2015), the difference between two test conditions must be 3 dB
to be significant. We planned a repeated measures ANOVA. The
sample size calculation indicated that a sample of 12 subjects
would be needed to detect a significant difference. Because we
found 18 suitable participants willing to participate, we added
them to the sample.
Data analyses were performed with SPSS (v23). For the
speech recognition in noise, the repeated measures ANOVA was
used. Afterward, post hoc testing using Bonferroni correction
was performed. We used the Benjamini–Hochberg method to
control the false discovery rate for multiple comparisons. This
method controls the expected proportion of falsely rejected
hypotheses and is described in the study of Benjamini and
Hochberg (1995).
Results
In Figure 3 the results for the speech recognition in noise test
are displayed. A normality check of the SRTs revealed normally
distributed data for all listening conditions. A repeated measures
ANOVA determined that the speech recognition threshold
differed significantly between listening conditions (F(5,
85)¼ 17.923, p< 0.0001).
Table 2. Different test conditions.
Condition number Listening condition Roger Pen
1 CI and HA Off
2 CI and HA Omnidirectional (paired to CI)
3 CI and HA Omnidirectional (paired to CI and HA)
4 CI only Off
5 CI only Omnidirectional
6 CI only Directional
Figure 2. A schematic representation of the test environment. The CI user is in
the middle of five loudspeakers, all at a distance of 1 m. The target signal is
coming from S0. The Roger Pen is placed at 30 cm from the target signal.
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Paired wise comparisons between the bimodal listening condi-
tion in which he Roger Pen was paired to the CI only
(SRT¼ 6.5 dB) and the condition with the Roger Pen paired to
both the CI and HA (SRT¼ 6.5 dB) revealed no significant dif-
ferences (p¼ 0.93). The average SRT in the bimodal conditions
with the Roger Pen was 1.4 dB better compared with the Roger
Pen paired to the CI only.
The best SRT was found for the directional mode of the
Roger Pen, which improved the SRT with 4.1 dB compared with
the CI only condition in which the Roger Pen was paired in
omnidirectional mode (p< 0.0001).
Paired wise comparison between bimodal listening
(SRT¼ 8.6 dB) and CI only conditions (SRT¼ 9.6 dB) without
the Roger Pen revealed no significant bimodal benefit
(p¼ 0.094), although the performance tends to increase slightly.
Discussion
In most previous studies on the effect of the Roger Pen, the
device was used with the CI only (De Ceulaer et al. 2016; Razza
et al. 2017; Wolfe et al. 2015a). Another wireless microphone,
the Cochlear Minimic 2þ, was also tested in bimodal CI users.
Vroegop et al. (2017) showed that the use of the wireless micro-
phone in the bimodal situation provides additional benefit com-
pared with the use of the wireless microphone with the CI alone.
However, they did not include a bimodal condition where the
wireless microphone was connected to the CI only. Therefore it
is possible that the benefit found was not due to the connection
of the wireless microphone to the HA, but just to the addition of
the HA. Our current study setup acknowledged this flaw but
nevertheless showed no difference for the bimodal condition
between connecting the Roger Pen to the CI alone and connect-
ing the Roger Pen to both the CI and HA. However, improved
SRT’s are found when study participants added the HA while
already using the Roger pen with the CI. This is probably the
result of central bimodal processes, which consists of the
complementarity effect and the binaural redundancy (Ching,
Van Wanrooy, and Dillon 2007). As no additional benefit is
shown for also connecting the Roger Pen to the HA, apparently
these bimodal processes were not influenced by this in our study
set-up. However, in our set-up relatively small SNR improve-
ments were found by use of the wireless microphone. It is pos-
sible that these central processes might be influenced if better
SNRs at the HA side would be found.
In our setup, the SNR at the position of the Roger Pen was
7.5 dB better compared with the position of the listener. With a
mix ratio of 70:30, theoretically, a 5 dB improvement would be
expected for using the Roger Pen in the CI only condition.
However, we did find a relatively small improvement of 1.6 dB
for this condition compared with the CI only condition without
the Roger Pen. The exact factors accounting for this difference
are not known. However, the theoretical calculation assumes a
100% equally distributed omnidirectional pattern, no loss of sig-
nal quality due to transmission and mixing of the Roger signal
with the CI-microphone signal. Also, there is a possible interfer-
ing effect due to the high compression ratio of the CI.
As we used a 70:30 mixed ratio, we were at least able to find
a small benefit in contrast to the study of De Ceulaer et al.
(2016) who used a less favourable mix-ratio of 50:50. They also
used a higher distance between the Roger Pen and the
loudspeaker.
The average SRT in the best condition (Roger Pen in direc-
tional microphone mode) is 3.9 dB in our study sample, an
improvement in SNR of 4.1 compared with the Roger Pen in
omnidirectional microphone with the CI only. In our study the
distance of the Roger Pen to the speech source was 30 cm. In
daily life it will likely be important to further improve the SNR
by making this distance shorter. A distance of 15 cm is the clin-
ical recommendation, which will give an additional improvement
in SNR.
We chose to evaluate the effect of the Roger Pen with the
settings of the Phonak Naıda Link HA according to the clinical
recommendations of the manufacturer, in order to be able to
Figure 3. Box–Whisker plots of the speech recognition threshold for the no Roger Pen condition, Roger pen omni condition and the Roger pen directional condition.
Boxes represent the median (thick horizontal line), lower and upper quartiles (end of boxes), minimum and maximum values (ends of whiskers). Values at the bottom
of the figure denotes the average SRT per listening condition. The p-values are corrected for multiple comparisons. Asterisks denotes significant differences.
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mimic the daily clinical practice as much as possible. One of
these recommendations is the use of the special developed
bimodal fitting rule, which we used in this study. However,
although all different sub parts of this fitting rule are based on
scientific research (Ching et al. 2001; Neuman and Svirsky 2013;
Sheffield and Gifford 2014; Veugen et al. 2016; Zhang et al.
2014), the effect of the bimodal fitting formula as a whole has
not been tested before on auditory functioning. We found no
effect of bimodal hearing compared with the CI only condition
in the condition without the Roger Pen. A possible explanation
could be that this fitting formula is not the optimal one for all
participants. Another constraint is that in our study the subjects
were not used to this fitting formula. Further investigations to
these special developed HA fitting formula and the effect on
bimodal hearing are needed.
In the study we found for some listening conditions only
small differences. It is questionable if these differences are really
clinically significant. Another limitation of the study is that test-
ing was completed in a sound-attenuated booth. Performance
and benefits with the Roger Pen will probably be greater when
tested in a sound booth rather than a real world environment,
because of the greater influence of reverberation in the latter.
Another limitation is that all participants were evaluated while
using one model of sound processor, hearing aid and wireless
remote microphone. These results may differ for other types of
sound processors, hearing aids or remote microphones.
Conclusion
To conclude, the use of a wireless microphone improved speech
recognition in noise for bimodal CI users. In this study it seemed
sufficient to connect the wireless microphone to the CI only in
the bimodal condition. The use of the directional microphone
mode of the Roger Pen led to a substantial additional improve-
ment of speech perception in noise. Therefore, application of the
Roger Pen is advised for bimodal CI users to optimise their hear-
ing in difficult listening conditions and the directional micro-
phone mode is advised for situations with one target signal.
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